A relatively small number of signaling pathways drive a wide range of developmental decisions, but how this versatility in signaling outcome is generated is not clear. In the Drosophila follicular epithelium, localized epidermal growth factor receptor (EGFR) activation induces distinct cell fates depending on its location. Posterior follicle cells respond to EGFR activity by expressing the T-box transcription factors Midline and H15, while anterior cells respond by expressing the homeodomain transcription factor Mirror. We show that the choice between these alternative outputs of EGFR signaling is regulated by antiparallel gradients of JAK/STAT and BMP pathway activity and that mutual repression between Midline/H15 and Mirror generates a bistable switch that toggles between alternative EGFR signaling outcomes. JAK/STAT and BMP pathway input is integrated through their joint and opposing regulation of both sides of this switch. By converting this positional information into a binary decision between EGFR signaling outcomes, this regulatory network ultimately allows the same ligand-receptor pair to establish both the anterior-posterior (AP) and dorsal-ventral (DV) axes of the tissue.
INTRODUCTION
Intercellular signaling plays a central role in the development and function of multicellular organisms, where extracellular signals convey spatial and temporal information that orchestrates cellular processes such as proliferation, differentiation, and migration. The identification of the specific signals that control a wide range of developmental processes has revealed that the large number of cell types and behaviors that need to be specified during development is actually achieved by a fairly small number of signaling pathways [1, 2] . This observation implies that the same ligand-receptor pair can induce different transcriptional outcomes, but how this diversity is achieved is not well understood [3] . Here we address this question using as a model the Drosophila follicular epithelium, where localized activation of the epidermal growth factor receptor (EGFR) signaling pathway leads to one of two alternative outcomes depending on the timing and location of signaling.
The Drosophila ovary is a well-established model system, and a range of experimental and computational approaches have focused on understanding the patterning of the ovarian follicular epithelium (see, for example, [4] [5] [6] [7] [8] ). This epithelium surrounds individual clusters of developing germline cells, each consisting of a single oocyte and 15 nurse cells, and ultimately secretes the eggshell [9, 10] . Over the course of oogenesis, a series of inductive signaling events generates a stereotyped pattern of follicle cell fates that produce specialized eggshell structures and provide spatial cues that establish axial polarity in the future embryo. Localized EGFR signaling plays a central role in patterning, establishing anterior-posterior (AP) polarity during early stages of oogenesis and dorsal-ventral (DV) polarity during later stages [11] [12] [13] .
The EGFR ligand in this context, Gurken (Grk), is secreted by the oocyte and exhibits a dynamic localization pattern that reflects the association of the grk mRNA with the oocyte nucleus [14, 15] . Early in development, the oocyte is small and only the overlying posterior follicle cells are exposed to Grk, and Grk/ EGFR signaling in these cells induces a posterior fate. Later, the oocyte grows and the nucleus and associated Grk shift to the dorsal anterior cortex, where the same Grk/EGFR signal now induces dorsal anterior fates [16] [17] [18] . This difference reflects spatial rather than temporal differences, since ectopic EGFR pathway activation in posterior cells during later stages is incapable of inducing dorsal anterior fates [19, 20] . These basic observations define a tractable model for understanding how a single ligand-receptor pair can generate different outcomes-in this case posterior versus dorsal anterior-within a single epithelium [21] .
We previously showed that the follicle response to posterior EGFR activity is defined by expression of the paralogous T-box transcription factors Midline (Mid) and H15 [20] . Mid and H15 are induced in overlapping posterior domains by Grk/ EGFR signaling in early oogenesis, and their expression accounts for the inability of later EGFR activity to induce dorsal anterior fates in posterior cells [20] . Due to their overlapping expression and redundant function, we refer to these factors jointly as Mid/H15, where appropriate. Interestingly, dorsal anterior Grk/EGFR signaling does not induce Mid and H15, but instead induces expression of the conserved homeodomain transcription factor Mirror (Mirr), a key determinant of dorsal anterior fate [6, 22, 23] . The induction of Mid and H15 by posterior Grk and Mirr by dorsal anterior Grk defines distinct posterior and anterior Grk/EGFR signaling outcomes, respectively. This ability to induce alternative targets describes how the same signal can establish both the AP and DV axes of the epithelium, but the mechanism that determines the choice between them is not understood.
Here we show that the differential response of anterior and posterior follicle cells to Grk/EGFR signaling depends on spatial input from antiparallel anterior and posterior gradients of BMP and JAK/STAT pathway activity, respectively. At the posterior, activation of the JAK/STAT signaling pathway by its localized posterior ligand, Unpaired (Upd), cooperates with posterior Grk to induce expression of Mid/H15. At the anterior, localized activation of the BMP signaling pathway by the TGF-b homolog Decapentaplegic (Dpp) cooperates with dorsal anterior Grk to induce Mirr expression. We also demonstrate mutual repression between Mid/H15 and Mirr, which generates a double-negative feedback circuit that reinforces the choice of Grk/EGFR signaling outcome. Finally, we show that Upd and Dpp each regulate both sides of the MirrMid/H15 circuit, integrating the opposing Upd and Dpp gradients. We propose that together these elements are part of a bistable system that converts the positional information from these graded inputs into a switch-like decision between these two alternative Grk/EGFR signaling outcomes, allowing the inductive signal from Grk to define both the AP and DV axes of the epithelium.
RESULTS

JAK/STAT Signaling Cooperates with EGFR to Induce
Mid and H15 in Posterior Follicle Cells Mid and H15 are restricted to the posterior region of the follicular epithelium, where their expression is induced by posterior Grk/EGFR signaling in early oogenesis [20] ( Figures 1A-1B' ; (E-E'') Loss-of-function Stat92E 85C9 clones in a stage 10B egg chamber, positively marked with GFP (E), display no effect on Mid expression (E' and E'', arrow).
(F-F'') Clones expressing UAS-dome RNAi and positively marked with GFP (F) exhibit a loss of Mid (F', arrowhead), with low levels of Mid detectable in the posterior of the clone (F'', arrow).
(G-G'') Wild-type clones in stage 10B egg chambers, positively marked with GFP (G), displaying a control pattern of expression of high-and low-Broad (G', arrowheads) and mirr-LacZ (G''). (H-H'') Loss-of-function Stat92E 397 clone in a stage 10B egg chamber, positively marked with GFP (H), displaying a loss of Mid (H', arrowhead) and ectopic mirr- Figure S1 ). Mid and H15 are not induced by dorsal anterior Grk/ EGFR signaling in later stages, and they remain excluded from the anterior region of the epithelium ( Figures 1A-1B' ; Figure S1 ). To understand why Mid and H15 are induced by posterior, but not dorsal anterior, Grk/EGFR signaling, we asked whether their expression depends on input from other spatially localized extrinsic factors. We focused first on Upd, which is expressed from very early stages in pairs of follicle cells at the anterior and posterior poles of the epithelium [24, 25] . Binding of Upd to its receptor Domeless (Dome) leads to phosphorylation of the receptor-associated JAK tyrosine kinase Hopscotch (Hop) and the Drosophila STAT (STAT92E), and phosphorylated STAT92E regulates target gene expression [26, 27] . The anterior source of Upd is involved in establishing the fates of the anteriormost follicle cells, which ultimately cover the nurse cells and are not subject to Grk/EGFR-mediated patterning, but the contribution of posterior Upd to follicle cell fate is not well understood [28] .
To ask whether the JAK/STAT and EGFR signaling pathways might cooperate to induce Mid and H15 in posterior follicle cells, we generated clones of follicle cells homozygous for mutant alleles of Stat92E or hop and, therefore, unable to respond to Upd. Consistent with previous observations [25, 28] , we saw a range of defects, including egg chamber fusions and a failure of the nurse cell-associated follicle cells, which are specified by the anterior source of Upd, to adopt a squamous morphology (data not shown). In our experiments we focused on egg chambers that did not exhibit these defects, due to the location of the clone(s). As a control, we first looked at the expression of mirr, a known target of the JAK/STAT pathway in this context [28] . Expression of mirr, visualized using an established mirr-lacZ enhancer trap, is first detected around stage 6, where it is repressed by Upd at the anterior and posterior termini and, thus, confined to the central main body region of the epithelium [22, 28] . We observed ectopic mirr expression in hop and Stat92E mutant clones ( Figures 1C and 1C' '), as previously described [28] , confirming that our clones disrupt JAK/STAT pathway activity.
We then looked at Mid and H15 and found that, while control clones had no effect (data not shown), Stat92E and hop mutant clones exhibited loss of Mid and H15 compared to adjacent nonmutant tissue ( Figures 1C, 1C Table 1 ). A small number of clones exhibited a more moderate reduction (18/280); interestingly, all of these were found in stage 10B egg chambers and would, therefore, have been generated later in oogenesis than clones found in stage 8-10A egg chambers. Consistent with this correlation, when we enriched our samples for clones generated later in oogenesis, we found that Mid levels were not decreased in Stat92E or hop mutant clones (Figures 1E -E''; data not shown). This phenotype does not reflect the strength of the alleles, since we obtained similar results for two independent Stat92E alleles and two independent hop alleles, all reported to be amorphic (Table 1) [29, 30] . This residual Mid could reflect perdurance of wild-type STAT92E, Hop, or Mid, or it could suggest that JAK/STAT signaling is required for the establishment, but not for the maintenance, of Mid expression. In contrast to Mid, H15 expression was undetectable in all clones (Figures 1D and D''; Table 1 ).
This requirement for JAK/STAT activity suggests that its upstream ligand, Upd, cooperates with input from Grk to induce Table 1 ). In addition, constitutive EGFR activity [19] does not increase expression of a reporter transgene containing multiple copies of a STAT-binding site [34] , suggesting that EGFR activity is not sufficient to activate Hop or STAT92E in this context (Figure S2) . Together with our previous observations, these data demonstrate that expression of Mid and H15 requires input from both Grk and Upd. Since loss of Mid and H15 is associated with an expansion of dorsal anterior fates [20] , we also looked at expression of mirr, which is induced by dorsal anterior Grk/EGFR signaling and is a key determinant of dorsal anterior fate ( Figures 1G' and 1G ) [6, 20, 22] . The dorsal anterior mirr domain was expanded posteriorly in Stat92E and hop mutant clones in stage 10 egg chambers (Figure 1H''), with a posterior limit that reflected the extent of the dorsal anterior Grk gradient. We also looked at the dorsal fate marker Broad-Complex (Broad) [35] [36] [37] . In response to dorsal anterior Grk/EGFR signaling in wild-type egg chambers, Broad is downregulated at the dorsal midline and upregulated in two dorsolateral domains; these low-Broad and high-Broad domains give rise to the dorsal anterior features of the eggshell (the operculum and dorsal appendages, respectively). Loss of Stat92E or hop function led to an expansion of the high-Broad domain, including ectopic high-Broad cells posterior to the endogenous low-Broad domain (Figure 1I'' ; data not shown). These effects phenocopy the loss of Mid and H15 [20] , providing functional evidence that JAK/STAT signaling is required for their expression.
Conversely to loss of JAK/STAT pathway activity, ectopic activation of JAK/STAT signaling by clonal overexpression of Hop [38] leads to increased expression of Mid and H15. At the posterior, Mid and H15 levels were increased (Figures 2A-2A'') , and the limit of their expression was shifted anteriorly compared to wild-type. At the anterior, ectopic JAK/ STAT activity also induced Mid and H15, but this effect was confined to the dorsal region, implying that Upd is not sufficient to induce Mid and H15 but requires input from Grk (Figures 2B-2B''; data not shown). A similar effect was observed upon clonal overexpression of Upd ( Figures 2C-2C'' ), except the induction of ectopic expression of Mid was nonautonomous, as expected for the overproduction of a secreted factor. This ectopic Mid was biased toward the posterior, reflecting the contribution of the endogenous posterior Upd gradient.
Together, these data suggest that the outcome of EGFR signaling in the follicular epithelium is influenced by the presence of JAK/STAT activity. In the posterior, Grk/EGFR signaling induces Mid and H15 expression because the JAK/STAT pathway is active, while in the anterior, beyond the range of Upd, Grk alone is unable to induce Mid and H15. These results confirm a role for Upd in establishing the posterior limit of the dorsal anterior domain via the regulation of Mid and H15.
Dpp Signaling Cooperates with EGFR to Induce Mirr and Repress Mid in Anterior Follicle Cells
While this contribution of Upd could be sufficient, in principle, to account for the differential response of anterior and posterior follicle cells to Grk/EGFR signaling, it is also possible that anterior spatial input contributes to this distinction. A candidate anterior factor is the TGF-b homolog Dpp, which acts as a morphogen in multiple contexts in Drosophila development [39] [40] [41] and regulates Mid and H15 in the developing Drosophila leg imaginal disc [42, 43] .
Beginning at stage 8, Dpp is secreted by the anterior-most follicle cells that ultimately become squamous and overlie the nurse cell cluster [44] , generating within the adjacent columnar epithelium an anterior/posterior gradient that regulates the concentration-dependent expression of Dpp target genes [44] [45] [46] [47] . Manipulation of Dpp signaling affects the pattern of dorsal anterior fates, but the role of Dpp in patterning has been unclear [37, [48] [49] [50] .
To test whether Dpp regulates Mid expression in the follicular epithelium, we generated clones lacking the Dpp type I receptor Thickveins (Tkv) or the downstream transcription factor Mad and, therefore, unable to respond to Dpp. Such clones exhibited cell-autonomous ectopic Mid, suggesting that Dpp negatively regulates Mid expression. This effect was confined to a few cells anterior to the normal dorsal Mid domain and was observed in all clones examined ( Figures 3A-3A'', arrow) . Conversely, clonal induction of ectopic Tkv activity led to the cell-autonomous loss of detectable Mid throughout the Mid expression domain ( Figures 3C-3C'', arrowhead) . These data suggest that anterior input from Dpp represses Mid and, thus, participates in the establishment of the anterior limit of the Mid domain.
Because Upd regulates the expression of mirr as well as that of Mid and H15, we asked whether Dpp might regulate mirr as well and found that cells mutant for tkv or mad exhibited a cell-autonomous reduction of mirr expression ( Figures 3B,  3B ', 3E-3E'', 3G-3G''; Figure S3 ). This loss of mirr was complementary to the ectopic Mid observed in these clones, except for an occasional overlap of very low-expressing cells, which may reflect the perdurance of the LacZ expressed from the mirr transgene ( Figure 3A '' versus Figure 3B', arrowhead) . This reduction of mirr levels was pronounced at stages 9 and 10A, when the dorsal anterior pattern of mirr was established ( Figure 3E -3E'' and 3G-3G''), but it is less obvious by stage 10B (Figures 3I-3I'' ). This recovery of mirr expression levels was consistent with the modest effect of loss of Dpp pathway activity on dorsal anterior follicle cell fate, which led, by stage 10B, to changes in Broad expression only in the anterolateral regions of the low-Broad (operculum) domain ( Figure 3J ; Figure S3 ) [5] .
These data show that Dpp plays a role in establishing wildtype mirr levels but, due to the joint regulation of Mirr by Grk, is All panels are at the same magnification as (A) unless otherwise indicated. Scale bar, 50 mm. See also Figure S3 .
ultimately redundant for establishment of the final pattern of mirr expression and high-Broad (dorsal appendage) fate. Consistent with this interpretation, ectopic Dpp pathway activity, induced by clonal expression of a constitutively active version of Tkv, led to ectopic expression of mirr, but this effect was seen only in the dorsal anterior region, where Grk/EGFR signaling was present ( Figures 3D-3D' ). Dpp thus cooperates with Grk to establish the dorsal anterior domain of mirr expression, but it is not itself sufficient to induce mirr.
Double-Negative Feedback between Mid and Mirr Defines a Regulatory Circuit that Controls EGFR Signaling Output
These data support a model in which opposing AP gradients of Upd and Dpp contribute to epithelial patterning by influencing the outcome of localized Grk/EGFR activity. In the posterior region, where cells experience activation of the JAK/STAT pathway by Upd, Grk/EGFR signaling leads to the expression of Mid/H15. In the anterior region, where Dpp activates the BMP pathway, Grk/EGFR signaling instead induces the expression of Mirr. Many binary cell fate decisions incorporate some type of feedback circuit that, by reinforcing an initial bias, converts graded regulatory input into one of two stable cellular outcomes [51] [52] [53] . Based on our observations, we asked whether Mid/H15 and Mirr might themselves comprise such a feedback circuit. Expression of Mid and Mirr in response to EGFR signaling was mutually exclusive, with the anterior limit of the Mid expression domain aligning with the posterior limit of the mirr domain ( Figures 4A-4C'' ), and this reciprocal relationship was maintained after genetic manipulations that affected Upd or Dpp signaling. We therefore hypothesized that mutual repression between Mid/H15 and Mirr could serve to stabilize the decision between these two outcomes and increase the sensitivity of this choice to graded inputs from Upd and Dpp. We first generated H15 mid mutant clones and tested for an effect on mirr. We found that the dorsal anterior domain of high mirr levels extended further posterior in H15 mid mutant clones relative to adjacent non-mutant tissue (Figure 4D ', compare brackets; Figure 4D '', arrowhead versus arrow) [20] ; this ectopic mirr did not reach the posterior-most region of the epithelium, presumably reflecting the extent of the dorsal anterior Grk gradient ( Figures 4D-4D ) [20] . Conversely, ectopic expression of Mid led to decreased levels of mirr expression (Figures 4E-4E'') [20] . Mid and H15 thus, directly or indirectly, repress the ability of EGFR activity to induce mirr.
Conversely, clones of mirr mutant cells in the dorsal anterior ( Figures 4F-4F '', 4G-4G'', and 4I-4I''), but not ventral anterior ( Figures 4H-4H'' ), region expressed ectopic Mid and H15, suggesting that in wild-type cells Mirr blocks the ability of dorsal anterior Grk/EGFR signaling to induce Mid. This effect has an anterior limit, as mirr mutant cells in the most anterior region of the columnar epithelium did not express ectopic Mid or H15 (Figure 4G, arrowheads) . This limit could reflect the range of the posterior Upd gradient or repression by the high levels of Dpp in this region. Conversely, ectopic expression of mirr in wild-type posterior cells led to a loss of Mid ( Figured 4J-4J'' ). Together, these data demonstrate a mutually antagonistic relationship between Mid and Mirr, and they suggest that this repression plays a role in determining the outcome of Grk/EGFR signaling.
Dpp and JAK/STAT Activities Regulate Mid and Mirr Independently of Their Mutual Repression
While their joint regulation by Dpp and Upd points to Mid/H15 and Mirr as important targets that integrate these opposing positional cues, the mutual repression between Mid/H15 and Mirr raises the possibility that these regulatory relationships could be, at least in part, indirect. For example, posterior Upd might regulate the expression of Mid/H15 exclusively through the repression of Mirr, and Dpp might promote mirr expression exclusively through the repression of Mid/H15. Alternatively, Upd and Dpp could each have independent opposing effects on both Mid/H15 and Mirr.
To determine whether the loss of Mid in Stat92E mutant clones is due to their ectopic expression of Mirr, we asked whether removing mirr function from Stat92E mutant clones can rescue Mid expression. The resulting ovaries included a high proportion of fused egg chambers, presumably due to the proposed role for Mirr in egg chamber encapsulation [22] . We focused on egg chambers that, because of the clone location, did not exhibit these defects. We first used the MARCM system [54] to drive clonal expression of an RNAi construct targeting Stat92E expression. Control clones expressing the Stat92E RNAi construct exhibited loss of Mid, consistent with the loss of STAT92E function ( Figure 1C ), albeit with a lower penetrance than Stat92E-or hop-null clones ( Figures 5A-5A'', arrowhead) , validating the RNAi construct. Expression of the same RNAi construct in clones lacking mirr function did not restore Mid expression to wild-type levels ( Figures 5B-5B'', arrowhead) , demonstrating that the loss of Mid in these clones cannot be attributed solely to the repression by ectopic Mirr that is present in clones lacking Stat92E function ( Figures 1C and 1C') [28] and thus implying that Upd can positively regulate Mid expression independent of its effect on Mirr. We did observe, however, an apparent modest rescue of Mid levels ( Table 1 ), suggesting that some of the reduction of Mid in the absence of JAK/STAT pathway activity may be caused by ectopic Mirr.
We also generated clones doubly homozygous for null alleles of mirr and Stat92E. Similar to the above clones, Mid expression was not restored to wild-type levels ( Figures 5C-5C'' ), further demonstrating that Upd can regulate Mid/H15 independently of its effect on Mirr. This double-mutant clone approach is additionally informative because, unlike the MARCM system, in which all mirr mutant cells express the Stat92E RNAi transgene, this approach occasionally generates Stat92E single-mutant clones that lie adjacent to mirr Stat92E double-mutant clones. These single-mutant clones provide an internal control that allowed us to better compare Mid levels in Stat92E mutant cells with and without wild-type mirr. We recovered four egg chambers with such a mosaic configuration and, in two of four, Mid levels were slightly higher in the double-mutant clones ( Figures 5D-5D '', arrow) than in the adjacent Stat92E single-mutant clone ( Figures 5D-5D '', arrowhead). This modest rescue was consistent with the results of the MARCM approach and further suggests that repression by Mirr contributes in part to the loss of Mid in the absence of Stat92E. Collectively, these data show that the regulation of Mid by Upd is not mediated exclusively by derepression of Mirr.
Similarly, to ask whether the repression of Mid expression by Dpp is the result of the positive effect of Dpp on the levels of Mirr, we generated mirr mutant clones expressing constitutively activated Tkv. We found that all such clones exhibited the same completely penetrant loss of Mid (Figures 5E-5E'') as control clones expressing activated Tkv (see Figures 3E-3E'' ). This observation indicates that repression of Mid expression by activated Tkv does not depend on mirr function and, therefore, that the Dpp pathway can regulate Mid independent of its effect on mirr.
DISCUSSION
Here we show that the choice between two alternative Grk/EGFR signaling outcomes in the follicular epithelium depends on positional input provided by Upd and Dpp. At the posterior, the presence of Upd allows Grk to induce Mid/H15 while, at the anterior, Grk together with Dpp positively regulates Mirr. In this context, Upd and Dpp serve to define the response to Grk/EGFR signaling, since they are not sufficient to induce Mid/H15 and Mirr, respectively, in the absence of Grk.
We also demonstrate mutual repression between Mid/H15 and Mirr, which we propose generates a double-negative feedback circuit that toggles the system between anterior and posterior outcomes (Figure 6 ). Moreover, in addition to their mutual regulation, our analysis of double-mutant clones reveals that Upd and Dpp each regulate both Mid/H15 and Mirr and, thus, each provides input to both sides of this circuit. Upd is required for the expression of Mid and H15 even in the absence of a functional mirr gene, demonstrating that Upd is required for Mid/H15 expression independent of its ability to repress Mirr. Similarly, Dpp signaling can repress Mid independently of its positive effect on Mirr. The choice of Grk/EGFR signaling outcome in this context thus depends not only on mutual repression between these alternate targets but also on their opposing regulation by Upd and Dpp.
We propose that these elements define a bistable network that controls the choice between two alternative outcomes of Grk/ EGFR signaling. These outcomes are irreversible-e.g., posterior EGFR signaling in later stages cannot induce Mirr unless Mid and H15 are absent [20] -and mutually exclusive, and the factors we describe here include two key elements found in bistable networks: feedback and non-linearity [51] . The feedback in this case is provided by the reciprocal repression between Mirr and Mid/H15, generating a double-negative feedback loop that reinforces the choice of signaling outcome. In addition, bistability requires non-linearity in the response of the circuit to its upstream regulators, which makes the switch more sensitive to graded inputs [51, 52, 55, 56] . We propose that, in the follicular epithelium, this is achieved by the joint opposing regulation of the feedback circuit by both Dpp and Upd; each activates one side of the switch while repressing the other, biasing the outcome in the same direction. These alternative responses to Grk are separated in time, as the source of Grk moves from posterior to anterior during the course of development. An important element that determines the choice between them is the early pattern of Mirr expression. In early stages of oogenesis, Mirr is Grk independent and is restricted to the main body follicle cells, due to its repression in the terminal regions by Upd (see Figure 1 ) [22, 28] . These main-body follicle cells correspond to the future anterior region of the columnar epithelium, and we propose that this early expression of Mirr predisposes them to express Mirr instead of Mid/H15 when Grk adopts its final dorsal anterior localization. Such a role for the early phase of Mirr expression is also consistent with the DV asymmetry of the Mid expression domain ( Figure S1 ); as Grk moves anteriorly, leaving the range of posterior Upd and entering this domain of early Mirr expression and Dpp pathway activity, only the peak dorsal levels of Grk are capable of inducing Mid.
These observations also provide an example of how antiparallel signaling gradients can be integrated during epithelial patterning. Tissue patterning by opposing morphogen gradients is observed in developmental contexts as diverse as the Drosophila blastoderm and vertebrate neural tube, where they engage downstream transcriptional networks whose dynamic properties generate reproducible gene expression boundaries [53, [57] [58] [59] . Mutual repression between downstream transcription factors helps define the position and boundaries of cell fate domains, but how the opposing gradients are integrated is not well understood [53] . We show that, in the follicular epithelium, the opposing Upd and Dpp gradients are integrated at the level of the Mirr-Mid/H15 feedback circuit. This integration occurs not only at the level of the mutual repression between Mid/H15 and Mirr but also by the ability of each gradient to regulate both sides of this circuit.
Together, these elements define the framework of a regulatory network that integrates localized positional information to regulate a binary choice of EGFR signaling outcome. Our results allow us to construct a model that both accounts for how an individual cell responds to Grk/EGFR signaling and explains how these spatial inputs are integrated across the epithelium to generate a defined pattern of Mid/H15 and Mirr expression, ultimately defining the pattern of the eggshell. Mirr is required for the generation of the high-and low-Broad domains [6] , and Mid/H15 expression is required to define the posterior limit of these domains [20] . The ability of Dpp and Upd to influence the outcome of EGFR signaling allows a single signaling input, namely localized secretion of Grk by the oocyte, to generate multiple distinct outputs that are localized in space and time, thus establishing both the AP and DV polarity of the epithelium and generating a complex and reproducible pattern of cell fates. 10xSTAT92E-GFP [34] ; and UAS-ltop [19] .
EXPERIMENTAL PROCEDURES
Drosophila
Generation of the mirr JH Null Allele
A null mirr allele, mirr JH , was generated using the FLP/FRT-based deletion technique [66, 67] , starting with the FRT-containing transgenic insertion lines P{XP}d07857 and PBac{WH}f03107 from the Exelixis collection (FlyBase: FBti0056506 and FBti0051022, respectively) and then recombined onto the FRT80B chromosome.
Mosaic Analysis
Negatively marked loss-of-function clones were generated as described previously [68] , or UAS-hop transgene or an RNAi construct targeting Stat92E or dome. For generation of clones, females of the appropriate genotype were heat shocked for 1 hr at 37 C as late pupae or newly eclosed adults, either once or on 3 consecutive days, then aged at 22 C and supplemented overnight with dry yeast before dissection. Ovaries were harvested 5-9 days after first heat shock, with shorter intervals between clone induction and dissection enriching the sample for clones generated later in oogenesis.
Immunohistochemistry
Dissection and immunostaining were carried out as described previously [68] . Antibodies used were guinea pig anti-Mid (1:1,000) [20] , rabbit anti-b-gal (1:10,000, MP Biomedicals-Cappel), mouse anti-BR-C core hybridoma supernatant 25E9.D7 (1:200, Developmental Studies Hybridoma Bank), rabbit anti-c-Myc supernatant sc-789 (1:200, Santa Cruz Biotechnology), and goat anti-EGFR sc-15828 (1:100, Santa Cruz Biotechnology). All secondary antibodies were highly cross-adsorbed Alexa Fluor-conjugated anti-IgG (1:2,000, Invitrogen). All secondary antibodies, as well as anti-Mid, were diluted 1:10 in PBS and pre-adsorbed by incubation with fixed wild-type ovaries or embryos prior to use. 
Microscopy and Image Analysis
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